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ABSTRACT: The combination of solution self-assembly, which
enables primary morphological control, and solid self-assembly,
which enables the creation of novel properties, can lead to the
formation of new functional materials that cannot be obtained
using either technique alone. Herein, we report a cooperative
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new continuous intermolecular hydrogen bonds are formed. The
new 2D platelets formed retain the controllable morphologies
originally defined by the solution phase living self-assembly but exhibit remarkable heat-resistant luminescence up to 200 °C and
high two-photon absorption cross sections (i.e., >19,000 GM at 760 nm laser excitation).

B INTRODUCTION ordered architectures formed using solution self-assembly can
serve as preorganized precursors for solid self-assembly.
Precursors with preorganized molecular packing could greatly
mitigate the need for molecular mobility in a solid self-

Solution self-assembly has been widely used to fabricate
ordered functional materials from polymers and small-
molecule building blocks.' ™ In particular, living self-assembly

provides an unprecedented level of control over molecular assembly by providing considerably close molecular packing
organization, enabling the development of a wide range of for transitioning into the final architecture.

complex one-°"'® and two-dimensional (2D)"""*° architec- To realize the above hypothesis, a volatile coformer was
tures from Single or multlple Components. Solvents play a key introduced to noncovalently blnd the designed bulldlng blocks
role in the solution self-assembly, not only controlling the (i.e, organic fluorophores) in solution, self-assembling into
assembly pathway’~'>'” but also frequently acting as a well-defined shapes as the preorganized precursors. The
supportive component in the resulting architectures.'>'**°~>* volatile coformer was expected to be released from the crystals
However, the involvement of solvents may also have adverse after annealing at an elevated temperature, allowing the
effects, such as deactivating the pathways necessary for forming generation of the freed monomeric building blocks from the
substantial structures and altering the intrinsic physical— binding by the coformer. Because the resulting individual
chemical properties bgr acting as supportive components in the building blocks are still adjacent to each other, self-assembly of
resulting assemblies.”"** To this regard, the solvent-free solid them into a new architecture mode is thus facilitated in the

self-assembly can avoid the adverse effects of solvents and is
thus advantageous for constructing supramolecular structures
with pristine architectures.”>~>” Nevertheless, solid self-
assembly presents an intrinsic challenge because the building
blocks have limited mobility in solid state, making precise
control over the long-range ordered structure very difficult. To
date, only a few examples of the solvent-free self-assembly have
been reported for constructing well-defined supramolecular
structures.””>> To address this shortcoming and incorporate
the advantages of solution self-assembly, we hypothesized that

solid state (Figure 1). In this study, we fabricated various 2D
platelets via living self-assembly in solution, using donor—
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Figure 1. Schematic illustration of the cooperative solution/solid self-assembly strategy that creates a new architecture. D—A fluorophores 1 and 2
were used as the primary building blocks and 1-propanol as the volatile coformer.
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Figure 2. (a) Fluorescence-mode optical images and (b) UV—vis absorption (dashed) and fluorescence spectra (solid) of the preorganized 2D
precursors (yellow) prepared from 1-propanol and 1 with four different shapes (rectangular, hexagonal, elliptic, and lorate) and the resulting 2D
platelets (green) after annealing at 270 °C for 2 h. Scale bar: 10 gm. (c) SEM images of the resulting 2D platelets with four different shapes after

annealing under the same condition. Scale bar: 2 ym.

acceptor (D—A) fluorophores as the primary building blocks
and 1-propanol as the volatile coformer (Figure 1). These 2D
platelets were selected because their shapes and sizes can be
precisely controlled using a seeded living self-assembly method
recently developed in our lab,”’ thereby providing rich
morphologies for exploring the subsequent solid self-assembly.
Extensive experiments demonstrated that after annealing at
270 °C, 1-propanol was released from the 2D platelets by
breaking up the hydrogen bonds with the D—A fluorophores,
and the freed D—A fluorophores were densely connected
through new continuous intermolecular hydrogen bonds
(Figure 1). Importantly, the resulting 2D platelets with the
tightly packed D—A fluorophores exhibited considerably
enhanced heat-resistant luminescence, for which the lumines-
cence remained remarkably stable even at 200 °C.
Furthermore, the final 2D platelets exhibited large two-
photon absorption (TPA) cross sections (e.g.,, >19,000 GM at
an excitation wavelength of 760 nm), which were among the
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highest values reported for organic structures. In contrast, the
precursor 2D platelets containing the coformer 1-propanol
exhibited a sharp decline in luminescence at 200 °C and
considerably lower TPA cross sections, highlighting the
importance of fabrication of pure crystals with only primary
building blocks. The cooperative solution/solid self-assembly
strategy reported herein provides a new avenue to construct
functional pure crystals that would otherwise be impossible to
create using the solution or solid self-assembly methods alone.

B RESULTS AND DISCUSSION

Solid Self-Assembly of Preorganized Precursors
Fabricated from Solution Self-Assembly. First, 2D
precursors platelets with preorganized structure and varying
shapes (e.g, rectangular, hexagonal, elliptic, and lorate) were
fabricated from 1-propanol and D—A fluorophore 1 (Figure 1)
using the previously reported living seeded self-assembly
method.”® The 'H NMR spectra of the precursors (Figure

https://doi.org/10.1021/jacs.3c01517
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S1) revealed the characteristic peaks of 1-propanol in the
dissolved samples of the 2D precursors, confirming the
presence of 1-propanol. The optical properties (Figure S2)
of the 2D precursors resembled those previously formed from
1-hexanol and fluorophore 1, indicative of the formation of the
same continuous hydrogen bonds between alcohols and 1. To
determine if the preorganized 2D precursors with all four
shapes could reorganize into new crystals under solvent-free
conditions, the precursors were placed on copper grids and
annealed at 270 °C for 2 h. The annealing caused the
fluorescent emissions from the four precursors to change from
yellow to green (Figure 2a), indicating that a new molecular
packing had formed during the annealing process. The
fluorescence spectra confirmed that a fluorescence blueshift
from 580 to 538 nm occurred in the four precursors (Figure
2b). Given the high temperature of annealing, we believed that
1-propanol was released from the precursor 2D platelets and
the freed neighboring monomers 1 underwent solid self-
assembly into a new ordered structure. To support this
hypothesis, we performed '"H NMR analysis of the annealed
2D platelets dissolved in d-tetrahydrofuran. As shown in Figure
S3, no characteristic 'H NMR peaks of 1-propanol were
observed, indicating that 1-propanol was released from the
precursors upon annealing. Notably, the UV—vis absorption of
the resulting green-emissive 2D platelets was extremely similar
to that of the yellow-emissive preorganized 2D precursors
(Figure 2b). This is typical of D—A molecules, ie., polar
solvents were shown to have a negligible effect on the
absorption of D—A fluorophore 1.”° To investigate whether
the release of 1-propanol and the subsequent solid self-
assembly of 1 resulted in crystal collapse, a scanning electron
microscopy (SEM) analysis of the 2D platelets was conducted
after annealing. Figure 2c shows that the surface of the
resulting 2D platelets remained smooth, resembling that of the
precursors (Figure S4). Likewise, the preorganized 2D
precursors fabricated from fluorophore 2 and 1-propanol
were capable of reorganizing into new crystals with the same
shapes. Compared to 1, fluorophore 2 has a stronger electronic
acceptor (A) group (benzoselenadiazole), which produces a
red emission of the 2D precursors, as shown in Figure SS,
while the precursor of 1 yields a yellow emission (Figure 2a).
Annealing of the 2D precursors of 2 at 285 °C for 2 h caused
the fluorescent emission change from red to orange (Figure
SS), indicating the same solid self-assembly of molecular
packing as observed for fluorophore 1. The results obtained for
both 1 and 2 demonstrate the extensibility of the cooperative
solution/solid self-assembly strategy that may be applicable to
different building blocks.

To highlight the role of the volatile coformer (1-propanol),
which enabled the organized structure to form the final
architecture, we fabricated rod crystals from 1 without 1-
propanol using convenient self-assembly in solution and used
them as preorganized precursors for solid self-assembly under
the same annealing conditions. Figure S6 shows that no new
crystal structure formed, likely because no hydrogen bonds
were formed to generate a necessary preorganized structure
(Figure S7). This further emphasizes the key role of the
volatile coformer in bringing the fluorophores to the proximity
required for solid self-assembly.

Crystal Structure of the Green-Emissive 2D Platelets
from 1. Careful examination of a typical green-emissive 2D
platelet under fluorescent-mode optical microscopy revealed
that its length (the a-axis) decreased from 28.3 to 24.1 ym and
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the width (the c-axis) increased from 9.4 to 10.1 um after
annealing (Figure 3a). This observation indicated that the solid

FQY: 60%

FQY: 65%

Figure 3. (a) Fluorescent-mode optical microscopic images of a
typical yellow-emissive 2D precursor and the resulting green-emissive
2D platelet after annealing. Scale bar: 10 ym. Note: the texture of
copper grid is clearly revealed underneath the thin platelet. (b) SAED
patterns and (c) XRD spectrum of a green-emissive 2D platelet. (d)
Simulated molecular packing within the green-emissive 2D platelet,
which revealed new continuous hydrogen bonds along the g-axis.

self-assembly predominantly occurred along the g-axis, where
the intermolecular distances were reduced. The infrared (IR)
absorption spectrum of the green-emissive 2D platelets showed
prominent absorption peaks at 3006, 3030, and 3063 cm™
(Figure S7), which are characteristic of intermolecular
hydrogen bonds between the benzimidazole groups.”® Based
on these results, we conclude that new hydrogen bonds were
formed between neighboring fluorophores 1 after the release of
1-propanol, causing the aforementioned size changes. Although
this process did not result in crystal collapse in the small 2D
platelets (Figure 2c), it caused some degree of destruction in
the bulky crystals, rendering them unsuitable for single-crystal
analysis. To gain detailed information on the molecular
packing of 1, selected area electron diffraction (SAED) and
powder X-ray diffraction (XRD) measurements were con-
ducted. The spot diffraction patterns of the green-emissive 2D
platelets resembled those of the original precursors (Figure
S$8), indicating that the resulting green-emissive 2D platelets
belonged to the same triclinic system with the space group P1.
Notably, the SAED diffraction spots obtained on the green-
emissive 2D platelets were remarkably extended in a large area
(Figure 3b), indicating an enlarged coherent domain of
fluorophore 1. By combining the d-spacing values obtained
on SAED (Figure 3b) with the XRD data (Figure 3c), the
molecular packing in the green-emissive 2D platelets was
simulated as shown in Figures 3d and S9, demonstrating that
building blocks of 1 were connected via continuous
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intermolecular hydrogen bonds. The new molecular con-
nection can effectively explain the aforementioned size changes
that occurred after annealing (Figure 3a).

Heat-Resistant Luminescence of the Green-Emissive
2D Platelets. Because the solid self-assembly into the green-
emissive 2D platelets occurred at a high temperature, the
resulting molecular packing was expected to be naturally
resistant to heat, thereby exhibiting excellent heat-resistant
luminescence. The fluorescence intensity (FL) of the green-
emissive 2D platelets decreased extremely slowly at elevated
temperatures (S0, 100, and 200 °C) (Figure 4a), ie., its
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Figure 4. Fluorescence intensities of (a) green-emissive 2D platelets
and (b) yellow-emissive precursors as a function of UV irradiation
time (385 nm, S mW/cm?”) performed at different temperatures (50,
100, and 200 °C) in air. The fluorescence intensities were recorded in
the range of S500—600 nm. Fluorescence spectra of (c) green-emissive
2D platelets and (d) yellow-emissive precursors before (dashed) and
after (solid) 1 h of UV irradiation (385 nm, S mW/cm?) at 200 °C.

fluorescence intensity decreased only by ~20% at 200 °C after
1 h of UV irradiation (385 nm, 5 mW/cm?) in air.”’ In
contrast, the fluorescence intensity of the yellow-emissive
precursors decreased razpidly (~76%) under the same testing
conditions (Figure 4b).”” The distinct differences between the
heat-resistant luminescence of the two platelets were also
reflected by the differences in their fluorescence spectra at
200°C (Figure 4c,d).

The greater heat-resistant luminescence of the green-
emissive 2D platelets can be correlated with the continuous
intermolecular hydrogen bonds between building blocks 1,
which provide more effective protection of the active hydrogen
atom in the benzimidazole unit from photo-oxidation® than
the hydrogen bonds formed between 1 and the coformer (1-
propanol) in the yellow-emissive precursors. This conclusion is
further supported by the observation that the fluorescence
intensity of rod crystals containing no hydrogen bonds
(Figures S7 and S12), either between the benzimidazole
units of 1 or between 1 and 1-propanol (fabrication details
provided in the Supporting Information), decreased much
faster than that of the preorganized 2D precursors under
identical conditions (Figure S13). Therefore, the formation of
continuous intermolecular hydrogen bonds serves as a new
method for fabricating heat-resistant organic materials. The
heat-resistant luminescence and high fluorescence quantum
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yield (FQY, 66%, as determined using integrated sphere
technology) of the resulting 2D platelets will enable many
applications in optoelectronics capable of operating under
harsh environments.

Large TPA Cross Sections of the Green-Emissive 2D
Platelets. In addition to improving the heat-resistant
luminescence, the enlarged coherent domain of D—A
fluorophore 1 owing to the continuous intermolecular
hydrogen bonds and the enhanced crystal stability by thermal
annealing are favorable for two-photon absorbing materials.
Upon illumination by a femtosecond pulsed laser at 760 nm,
the resulting 2D platelets and their precursors exhibit bright
green and yellow emissions, respectively (Figure Sa,b),
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Figure S. (a) Two-photon fluorescence microscopic images and (b)
two-photon fluorescence spectra of the green-emissive 2D platelets
(green) and their precursors (yellow) excited by a femtosecond
pulsed laser at 760 nm. Scale bar: 10 um. (c) Fluorescence intensity of
the 2D platelets (green) and their precursors (yellow) as a function of
femtosecond pulsed laser power (760 nm, 80 MHz, 140 fs pulsed
duration). (d) TPA cross sections of the 2D platelets (green) and
their precursors (yellow) at different excited wavelengths of a
femtosecond pulsed laser (80 MHz, 140 fs pulsed duration).

indicative of a multiple-photon excitation process. Further,
the linear relationship between the fluorescence intensity (FL)
and the laser power (log(FL counts) vs log(excitation power))
produced a slope of 2.09 (Figure Sc), confirming a TPA
process. Next, we measured the TPA cross sections of the
green-emissive 2D platelets by applying laser excitation
wavelengths from 740 to 900 nm. As shown in Figure 5d,
the maximum TPA cross section of the green-emissive 2D
platelets was ~19,500 GM at an excitation wavelength of 760
nm, which is among the largest values reported for organic
compounds (Table S1).>'7*° Notably, the maximum value of
the TPA cross section of the green-emissive 2D platelets was
~$ times that of the yellow-emissive precursors (Figure Sd),
which were also capable of TPA (Figure Sc). This result
highlights the importance of the continuous intermolecular
hydrogen bonds in enhancing the optical properties; thus the
resulting 2D platelets have a wide range of applications in the
heat-resistant luminescence and two-photon fluorescence
imaging.
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B CONCLUSIONS

In conclusion, we have developed a cooperative solution/solid
self-assembly strategy to fabricate new 2D platelets with heat-
resistant luminescence and large TPA cross sections. Shape-
controlled 2D platelets grown by living self-assembly of D—A
fluorophores and volatile coformers are used as preorganized
precursors. Thermal annealing of the precursors causes the
release of volatile coformers, allowing the freed neighboring
monomers to self-assemble into new 2D platelets while
retaining the overall shapes. The continuous intermolecular
hydrogen bonds formed between the building blocks by
annealing at elevated temperatures offer excellent heat-resistant
luminescence. Furthermore, this dense molecular packing
greatly enhances the TPA cross sections of the 2D platelets
compared with the precursors containing the volatile co-
formers. The emerging novel optical properties and high
emission efficiency of the 2D platelets with controlled
geometry and size may lead to their broad applications in
bioimaging and two-photon fluorescence imaging.
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